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ABSTRACT
The pore fusion behavior of the core layer interface in the welded aluminum foam sandwich was
observed through synchrotron radiation. Meanwhile, the effect of the FSW in foaming is explored.
The FSW leads to the early formation of cracks in the core layer of powder in the weld zone. The
heterogeneousnucleationof bubbles occurs at the interface and forms small pores. The evolutionary
processes of small pores promote interfacial fusion. In addition, the presence of the panel changes
the state of the melt at the interface, which benefits the fusion of the melt at the interface.

IMPACT STATEMENT
A new phenomenon was discovered and studied, where the interfacial fusion mechanism of the
unwelded core layer facilitates the obtaining of welded aluminum foam sandwiches with homoge-
neous pores structure.
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1. Introduction

Aluminum foam, a porous material inspired by nature,
is produced by dispersing a gas phase in a metal matrix.
It has attracted the curiosity of scholars with its unique
properties in the last few years [1]. The precursor foam-
ing process is one of the industrialized manufacturing
processes of aluminum foam, and the shaping of alu-
minum foam with high productivity is indispensable
for its industrial production [2–4]. In practical appli-
cation, aluminum foams were produced by expanding
multiple pieces of foamable precursor inside a mould to
resolve the difficulty of making significant components
[5]. The evolutionary mechanism of metal melts with
opacity, reactivity, high temperature, and low resistiv-
ity has been extensively explored [6–12]. Meanwhile, the
foaming mechanism of multiple precursors has received
increased attention in recent years.

Nosko et al. [13] reported that the initial position
of the precursor in the mould would affect the heat
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conduction and pore formation kinetics during foam-
ing, which affected the pore structure of the aluminum
foam. Duarte et al. [5] investigated the effect of pre-
cursor arrangement while taking into account their pre-
dominant growth direction and different thermal con-
tacts between individual pieces of precursor. They dis-
covered that placing precursors in such a way that
the foam growth directions are perpendicular to each
other results in better joining. However, aluminum
foams produced using this method can create a non-
uniform structure of pores. This phenomenon is equally
influenced by mold characteristics, temperature pro-
cesses, atmosphere, solidification details, multiple foam-
ing, shape, surface/volume ratio, and precursor surface
quality [14–16].

An aluminum foam sandwich (AFS) is a material
comprising an aluminum foam core and two metal-
lic face plates. Presently, the friction stir welding
method (FSW), which is originally developed for joining
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difficult-to-fusion weld Al-alloys to eliminate problems
such as porosity formation [17–22], is a well-applicated
for joining AFS successfully to solve the size limitation
problem in the current AFS panel preparation technol-
ogy, such as powder metallurgy [23]. The welded AFS
by this method has an interface at the core layer, and
the foaming process is similar to the aluminum foam
prepared by expanding multiple pieces of foamable pre-
cursor inside a mould. The foaming mechanism may be
significantly distinct, however, due to the different roles
of the mold and the panels of AFS, as well as the influ-
ence of the FSW on the core layer powder. So far, there
has been a lack of information on the interfacial evolution
behavior of this AFS. In the present paper, the evolution-
ary behavior of the unwelded core interface of welded
AFS during the foaming process, and the effect of the
FSW technique on pore nucleation have been studied. In
addition, the impact of the presence of AFS panels on the
interfacial connection of the core layer is also explored.

2. Materials andmethods

Synchrotron radiation has been widely applied in mate-
rials science [24–26]. Compared to traditional micro-
focus X-rays, the synchrotron beams possessed a high
intensity and very little dispersion, allowing for pre-
cise pictures of thin objects with exposure periods far
below 1 s [7]. Hence, the foaming process at the core
interface of welded AFS was observed by this technol-
ogy. Based on the 4W1A experimental station at the
Beijing Synchrotron Radiation Facility (BSRF, Institute
of High Energy Physics, Chinese Academy of Sciences,
Beijing, China), the system for real-time, in situ, X-ray
radioscopy during sample foaming was developed, as
shown in Figure 1a. The synchrotron X-ray beam was
monochromatized to 20 keV by a monochromator. It
generated an absorption radiograph through the sample

and analysis crystals captured with an electronic detector
system based on a 1024×1024 pixel CCD camera with
a 3.25 μm pixel size (VHR-16M High-resolution X-ray
Imaging Camera system, Photonic Science Limited). An
imaging field of view of 7.4 mm × 7.4 mm is convenient
for observing the foaming process. The foaming was gen-
erated in a self-developed heating furnace with a rectan-
gular hole (15 mm long and 15 mm wide) that the X-ray
bean could pass. The exposure time range was adjusted
from 300 ms to 1 s to obtain clear images according
to the sample thickness. The Image J software (Version
1.49 National Institutes of Health, Bethesda, MD, USA)
was used for adjusting contrast, brightness, background
removal, and removing noise to maximize the character-
ization of pores from the images before collecting pore
evolution data.

The AFS precursors were fabricated by the pack-
ing rolling powder metallurgy method. The friction stir
welding was used for welding the precursor panels with
the specific information described in [23]. The samples
to be used in synchrotron X-ray radioscopy experiments
were taken in the weld zone with dimensions of 20 mm
× 7 mm × 2 mm, and the surface of the cross-section
was polished with 2000 grit paper to obtain clear images.
The larger sample surfaces were always perpendicular to
the welding direction. The rectangle specimens with the
size of 240 mm × 120 mm were prepared to investigate
the effect of AFS panels on the core layer foaming. The
single side panel of the weld zone was peeled off using
wire cutting and foamed at a preset furnace temperature
of 625°C.

3. Results and discussion

The presence of panels improves the mechanical proper-
ties of AFS, such as yield compression, tension, torsion,
or bending properties [27,28]. Moreover, it has a similar

Figure 1. (a) the experimental setup consists of a synchrotron X-ray beam, a self-developed heating furnace, and a CCD camera. (b) a
self-developed heating furnace, whose temperature is measured by two thermocouples, is used to control the foaming atmosphere and
cooling rate by passing CO2 through quartz tubes into the furnace.
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Figure 2. Schematicdiagramofweldprecursorswithdifferentpanel treatments (left): thefirst rowofweldprecursorpanelswas stripped,
which was not stripped in the second row. The physical diagram of AFS with different cavity conditions (middle) and schematic diagram
of different core interfaces after foaming (right).

effect as themould, affecting the foaming of the core layer
powder. Figure 2 shows the different interface conditions
after the foaming of weldedAFS precursors with different
cavities. While the panel of the welded zone is stripped,
the unwelded core layer is exposed directly to the air
(left picture in the first row). The interface is separated
to form two parts, and a denser oxide film is formed on
the surface core layer after foaming see later two images
in the first row. Conversely, the second-row images show
that the melt near the edge of the panel is connected
into a whole (image marked with red circles in the sec-
ond row), the pores of the aluminum sandwich achieve a
continuous structure, and no interface is present.

Undoubtedly, the interfacial fusion in the core layer of
welded AFS has effects on various factors, among which
the panels play an essential role. In the first case, themetal
melt at the interface with weak wettability with gas tends
to contract in the opposite direction (marked with the
red arrow in Figure 2) under surface tension to maintain
the lowest energy state, which results in a large spacing
between the unwelded linear interfaces of the core layers
and form two separate curved interfaces.On the contrary,
due to the wettability between the coremelt and the panel
being better than the gas, themelt spreads face-to-face on
the panel and eventually fuses into amonolithic structure
near the panel (middle picture in the second row). Briefly,
the presence of the panel changes the force state between
the melts and destroys the original tendency of the inter-
face to shrink. As an "arch bridge," the panel promoted
the integration of the two independent melts at the inter-
face. Furthermore, the denser oxide film did not appear,
whichmay be due to the presence of the panel preventing
the oxidation of the core interface during the foaming.

FSW ensures a high-quality connection of the panel
while having a specific impact on the foaming of the

interface in the core layer. Figure 3 demonstrates the early
nucleation stage of welded AFS. An unwelded interface
(1.5∼12.5 μm width) marked with a red arrow appears
in the core layer, and the stirring action of the stirring
needle mixes the core layer powder near the panel, caus-
ing the interface to vanish in the weld zone as shown in
Figure 3a. There is a darker area in the welded zone in
3b (marked with a red rectangle). It starts to disappear
at 148s, at which temperature is 573.6°C, and disappears
completely after 9 s (in Figure 3c). The darker area (with
stronger X-ray absorption than the matrix) [29,30] is the
enriched area of cooper, which may be caused by the
material flow in the weld zone during the FSW process
[31,32]. Figure 3d shows the state of the powder in the
weld zone marked with a red rectangle with a small gray
value, which is significantly different from the matrix.
During the foaming, it forms cracks before the matrix,
which will form a large number of cracks after 13 s, as
shown in Figure 3e, f. In the early stages, different gray
values within the image correspond to the different states
of the powder. The pores (white zones) are crack-like,
oriented parallel to the transverse direction of the pow-
der, and develop in a typical way from cracks to more
spherical bubbles.

It was found that pore formation occurs at the weak
points in the matrix (e.g. low-melting components)
[1,32,33]. One reason for the early occurrence of the
cracks at the weld zone is the alloy composition of
AlSi6Mg4Cu4, which results in copper-enriched in the
weld zone during the FSW, as shown in Figure 3b. Fur-
thermore, the addition of Cu to the Al–Si–Mg alloys can
reduce the melting temperature [34], the solidus and liq-
uidus temperatures of the quaternary alloyAlSi6Mg4Cu4
were calculated to be 507 and 596 °C [35], respec-
tively. The dissolution of Cu occurs at low temperatures,
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Figure 3. (a) Metallographic image of the interface in the core layer; Series images of the early stage of welded AFS monitored by x-ray
radioscopy: (b)∼ (c) the copper enriched area of the welded zone; (d)∼ (f ) the formation process of cracks in the welded zone and the
matrix.

leading to type II nucleation [32], which may prema-
turely produce cracks in the weld zone. In addition, the
previous study found that one factor influencing the
production of commercial aluminum foam with excel-
lent foam structure and foaming properties by powder
metallurgy is good powder compressibility with a rel-
ative density of more than 98% [36]. In preparing the
AFS precursor using the packing rolling powder metal-
lurgy method, there is still microporosity in the dense
core layer powder matrix. During the friction stir weld-
ing process, the intense plastic deformation reduces the
microporosity in the powder of the welded zone and
becomes dense. The high density of the core layer pow-
der provides further conditions for the formation of
cracks.

FSW technology not only affects the foaming of the
core layer, but more considerably, the AFS welded by
this method after foaming, the unwelded core layer can
also be on to obtain a continuous bubble hole struc-
ture. In this process, the process of pore evolution is a
worthwhile in-depth study. Figure 4 shows the dynamic
in-situ observation process of the pores at the core layer
interface. When the precursor heats for 272s, the rapid
expansion of the precursor occurs. In this stage, cracks
are formed at the core layer interface location in 194s,
as shown in Figure 4a. In particular, the pores at the

interface coalesce in this stage with increased spheric-
ity. As an example, when two pores come into contact,
a completely elastic bubble surface would shrink at an
increasing rate as pressure scales with the inverse of bub-
ble diameter according to Laplace’s law [10], so that the
large bubble engulfs andmerges the small bubble to form
a larger one shown in Figure 4c. The small-sized pores
with an average diameter of 0.38 mm formed at the inter-
face in Figure 4d. The phenomenon of a high-density
region, see the red region in Figure 4d, that may cause
by the outer oxide layer in the local area is observed
at the interface which will result in the pore structure
uneven.However, the pores with smaller sizes (0.49mm),
as seen in Figure 4e, will be formed in this area, caus-
ing the high-density region to vanish. In addition, the
small interfacial distance of the core layer after FSW
helps to reduce the generation of oxide layers. More-
over, magnesium also contributes to the oxide layer’s
dissolution, reducing the oxide layer’s role and making
the high-density region disappear [37–39]. In summary,
forming small pores at the interface leads to the disap-
pearance of highly dense regions. In addition, small pores
are unstable and prone tomerge with large pores, making
the interface disappear. Small pores’ nucleation, growth,
and coalescence at the interface promote interfacial
fusion.
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Figure 4. Series of images of interfacemonitored by x-ray radioscopy: (a) cracks at the interface; (b)∼ (c). pore coalescencemarkedwith
red; (d) small pores and the high-density region at the interface marked with arrows and rectangular; (e) small pores in the high-density
region marked by arrows; (f ) foam collapse. Figs (a), (d), and (e) were LUT processed for better observation of small pores.

4. Conclusion

Welded AFS with an interface in the core layer was stud-
ied for the interface fusion mechanism. Studies revealed
that the panels change the force state of the melt in the
interface, promoting interfacial fusion during the foam-
ing. Synchrotron radiation technology enables in-situ
observation of the interface foaming process. FSW tech-
nology would cause the powder in the welded zone to
form cracks in advance. The nucleation and growth of
small pores at the unwelded interface make the high-
density region disappear, and the coalescence between
the bubbles facilitates the fusion of the interface.
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